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A NONLINEAR POISSON FORMULA FOR THE SCHRODINGER
OPERATOR

REMI CARLES AND TOHRU OZAWA

ABSTRACT. We prove a nonlinear Poisson type formula for the Schrédinger
group. Such a formula had been derived in a previous paper by the authors,
as a consequence of the study of the asymptotic behavior of nonlinear wave
operators for small data. In this note, we propose a direct proof, and extend
the range allowed for the power of the nonlinearity to the set of all short range
nonlinearities. Moreover, H!-critical nonlinearities are allowed.

1. INTRODUCTION

For n > 1, define the Schrédinger group as U(t) = ¢'z8 where A stands for the
Laplacian of R™. We normalize the Fourier transform on R" as follows:

(11) IO =5 = Gy |

For r > 2, we define

(z)e™ =S d.

The main result of this note is:

Theorem 1.1. Letn > 1, and fir 1 +2/n <p < oo ifn <2, 1+2/n<p<
1+4/(n—2) ifn > 3. Then for every ¢ € X,, and almost all £ € R™, the following
identity holds:

+oo
/ EEEF (U)ol U 1)) (€)dt =
(1.2) 0 +o0 -
:/ |t 1/2-277 1) (‘U(—t)qb

0
where the space X, is defined as follows:
e If1+2/n<p<1+4/n, then X, = {f € L*(R") ; |z|°CP)f € L2(R")}.
o Ifp=1+4/n, then X, = L*(R").
o Ifp>1+4/n, then X, = HOPHD(R™), the inhomogeneous Sobolev space.

For p = 1+ 4/n, the above result was proved in [I]. It was also established for
142/n<p<l+4+4/nifn<2,and 1+4/(n+2) <p<1+4/nif n > 3, provided
that ¢ € H N F(H'). The proof in [I] relies on pseudo-conformal invariances for
the nonlinear Schrodinger equation, as well as the explicit computation of the first
non-trivial term in the asymptotic expansion of nonlinear wave operators near the
origin. In this note, we provide a direct proof of the above identity, which relies on
the usual factorization of the Schrédinger group. Moreover, we extend the range of
values allowed for p, and we consider a broader class (when p # 14 4/n) for the
function ¢. We also show that both terms in (L) become infinite when p = 14+2/n
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and ¢ is a Gaussian function (see §). Note that p = 1 + 2/n corresponds to the
long range case for the scattering theory associated to the nonlinear Schrodinger
equation with nonlinearity |u|P~ u; see e.g. [ B] and references therein.

Let us point out some similarities between ([[CZ) and the usual Poisson formula.
First, if we write U(t) = F~le~2l¢° F we see that the right hand side of (C2) has
an additional Fourier transform compared to the left hand side. Moreover, we will
see in the proof that ([C2) relies on an inversion ¢ — 1/t. This is the same as for the
Poisson formula associated to the heat equation, or to the Jacobi theta function;
see e.g. [B].

Note also that the definition of the space X, (which will become natural in the
course of the proof of the above result) is reminiscent of the discussion related to
scattering theory for the nonlinear Schrédinger equation with nonlinearity |u|P~u.
The case p = 1 + 4/n corresponds to the L2-critical nonlinearity. For p < 1+ 4/n,
it is usual to work in weighted L? spaces, while for p > 1 +4/n, Sobolev spaces are
more convenient (see e.g. [6]). Also, note that for p > 1 + 4/n, the upper bound
for p allows H'-critical nonlinearities (p = 1 + 4/(n — 2) for n > 3), thanks to
endpoint Strichartz estimates. As mentioned above, when p reaches the long range
case p = 1+ 2/n, ([L2) becomes irrelevant.

2. PrROOF oF THEOREM [[1]

We recall the classical factorization of the Schrodinger group: U(t) = My DF M,

where M is the multiplication by ¢/ F is the Fourier transform (), and
Dy is the dilation operator

Def(e) = it (5)-

We first prove that both terms in ([C2) are well defined for ¢ € X, and almost all
£eR™

Lemma 2.1. Let p as in Theorem [, and ¢ € X,,. Let F' denote either of the two
terms in [(LA). Then F € L*(R™). More precisely, there exists C > 0 independent
of ¢ € X, such that:

Op _
e T if1+2/n<p<1+4/n,
1Flle < €4 N1l ifp=1+4/n,

(1—o)p on .
H(_A)é(p—l-l)ﬂ(b‘ L ||¢HL€ ifp>1+4+4/n,

where 0 and o are given by:

90— 4 PR U:n+4—(n—4)p
n(p—1) np(p — 1)

Remark 2.2. We check the following algebraic identities:

e 0<0<l <= 1+2/n<p<l+4/n,andfd=0 < p=1+4/n.
e o<l <<= p>1+4+n,0=1 < p=1+4+n.
e 0 >0, sinceforn>3, (n—2)p<n+2.
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Proof. By symmetry, we consider only the plus sign in ([C2). We distinguish three
cases, according to the value of p.

First case: 1+2/n <p<1+4/n. Let ¢ € L*(R"), T > 0, and ¢ be defined by
2/q = 6(p+1). Note that 0 < 2/¢g < 1, so the pair (¢,p+1) is Strichartz admissible.
By duality, we have:

KfZW“fWWWV%wmep-ﬂ/ (U~ U B0, U (1)) dt

’ T
< [ MO U0

Tl n(p 1 /4 ||U( )¢||Lq 0,T; LP+1) ||U(.)¢||LQ(01T;LZD+1)

<
< CTH =D/ 16112 1|

where C, independent of T, is provided by Strichartz inequalities. Note that for
the Holder inequality in time, we have used the formula:

1:(1—n(p4_1))+p:1.

o0
g/
2 1

< /T U], dt
<C /T U ()@|1%, dt

We also have directly

AL F(U@elUe)| | dt

| [T e r o tuae

Using the factorization for the group U recalled above, we find:
U (0)@ll 2 = =0 | F M| 2w < CEOC | F Ml rscan

where we have used the critical Sobolev embedding. We infer

o0
<C/ -
L2 T

< o7 nr-1)/2 H |

|[ s s uervoa

We have finally, for any T > 0:

where C' is independent of T'. Optimizing in T, we find:

/Oo SEEF(U )P U () p)dt

<o(Tt=nenitg|p,
0 2

L

L pin(p=1)/2 H|x (

P
L2>’

1 0
||¢|| ”,

/°° ei%Ez}'ﬂU(t)(Mp1U(t)¢)dt‘
L2

0
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where 0 = ﬁ — 1. For the other term involved in ([LZ), we proceed in a similar
fashion:

o) —1 PN ~

(o focod ol

1T

| [ (o ¢\ DU A>df\
1/T

< tn(p 1)/2-2 HU P 1/}‘
= T Lo+l Lp+1

. 1-n(p-1)/4
< / Hn(p=1)/2-2)/(1-n(p=1)/4) gy HU(.)—P ’
1/T

< OT DA G| 19l

u() |

LaLp+1 Larr+1

for the same ¢ as above, given by 2/q = §(p + 1). We also have directly
1/T -1 ~
| [ ez (ju-od " vi-06)
0
/T ~jp—1 ~
<[ o ’U(—t)ﬂﬁ’p U(-t)3
0

1T
</ n(p—1)/2-2 HU ‘
0

1T
<c/ m(p-1)/2- QHU

dt

L2

L2P

p

HS(2p)
<C/ n(p—1)/2— 2H¢,H CTl—"<P—1>/2H|:c (
}{5(2p)

We infer:

| [ oo (|oeod " vi-0s)

L <O(T e g

P
L2 )

We can then conclude as above.

Second case: p = 1+ 4/n. In this case, note that the power of ¢ in the second

term of () is zero: n(p — 1)/2 —2 = 0. To prove the result in this case, just

notice that the above proof remains valid: for ¢ € L?(R") and T' > 0, we now have

T ~
K/O A F (U@ URS)dL §)| < T D9l 4] s

< ClIgllze 1412 »

where C' is independent of T'. The estimate for the other term in (C2) is straight-
forward, by duality.
Third case: p > 1+ 4/n. For 1 € L?(R"), we compute

IS / TSP R (U @er U @e) i, 8| < / O A O

<NUOSN S 2 [T QSN i 10l s

Ll-n(p=1)/2 H
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for 2/q = 0(p+ 1), where we have used the identity 1 = op/q + 1/q. We conclude
thanks to the Sobolev embedding H®®+1) < [P+l and Strichartz inequalities.
Note that for n > 3 and p = 1+ 4/(n — 2), we use endpoint estimates [].

For the other term, write

> n(p—1)/2—2 a2l ’
/0 t HU( t)¢ Lpr+1 1/} LP+1
< (supnr-1/2-2 HU( ‘ (1=} H U(.)-lﬂ
h t>0 Lpt1 La[p+1 LaLp+1
n(p—1)/2—2 S R op
< (smperr 7= ond] ) oI
We then remark that
“U(_t)¢‘ Lot “MtU(_t)¢‘ Lot HDit]:Mﬁt(b Lol W H]:Mft(b ‘LP+1
= |t|5(p+1) H]:Mftgb ‘me |t|5 p+1 ‘

C
2 = P 61l ooy -

__c
S 1D H'x

In view of the identity (1 — o)pd(p + 1) = n(p — 1)/2 — 2, this yields

/i e (; (]U q?]plU(—t)qAﬁ)dt
0

which completes the proof of the lemma. O

1
< Clolgat, 19175,
L2

We can now prove Theorem [T1

Proof of Theorem [l Recall the decomposition U(t) = M;D;FM,. Direct com-
putations yield:

(21) .7:Dt = Dl/t-7:7
(2.2) D;' =4"Dyyy,
(2.3) FID/t=i"D,F L
We infer

U-t)=Ut)"'=M_F'D;*M_; =i"M_D;,F*M_,.
Since U(t) = .7:_1M,1/t.7:, we deduce

U(=t)F = i"M_; DU (%) :

p—1
pw(3)e| pw(i)e
1
— qnene=D/2pr D, <‘U (%) ¢ p v <%> d)) '

which in turn implies

U(—t)p =i"M_,
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Using ([ZJ)) and ([Z2) again, we have then:

To(h)e).

Theorem [Tl follows by integrating the above identity on a half line, and using the
change of variable t — 1/t. O

(2.4) U(t) (’U(—t)g?’pl U(—t)a?) = = D/2 0, F ('U (%) P

Remark 2.3. The identity (2] can also be considered as a Poisson formula, by
writing U(t) on the left hand side, and F on the right hand side, as integrals.
3. THE LONG RANGE CASE

When ¢ is a Gaussian function, the value in ([CZ) can be computed explicitly.
For Rez > 0, define:

g.(x)=e*72, zeR™

/ngZ(UC)dx - (2;)71/2'

1£12

Fyg.(&) = 220 5

We have:

We compute:

and
|| 2

U(t)gs(z) = (1 +itz) "2 e w2
Note that if z = a + b,

z a
R = 0
e(l—i—itz) 02+~
For p > 1 and z = a + b, we find:

___(—ba _|z|?
p—1 . e (-tn? 2 L N—n/2 —%,zﬁ
|U(t)g| U(t)g- = (1—bh2+ (at)z)n(iﬂfl)/‘l (14 itz) /2o~ THz 2,
Set ( )
_ p—1)a z
¢= (1—0bt)2 + (at)? T
We have:
_ 1 |2
p—1 — . —n/2,—n/2 —
f(lU(t)92| U(t)gz> (bt + (at)2)"(P*1)/4(1 Hitz) T e
Consider the case z € R: b= 0. We find:
a
= ———— (p—iat).
= T (a)e (p —iat)
We infer:
itla|? - 1 en e 1) Lel?
etz ]—"(|U(t)gz|p 1U(t)gz) N (14 ( t)Q)n(pfl)/z; (C(1 +ita)) /2 (it=2) 5=
a
We compute
gLt _fatp—1 _  p
¢ a(p—iat)too a
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Also,
C(l + ita) = ﬁ(p - iat)(l + ita) t~>—o)0 a.
We have finally:
1%‘1‘2]:(|U(t) |20Ut ) 1 1 7p";\2
e 9:1""Ut)g= ) ~_ (14 (at2)" @ DA a2’

Integrating with respect to ¢, the integral is convergent if and only if p > 1+ 2/n.
Since we also have

2 . . 12
[ e i L7 1 —pie Lol
U (JU(-0gaP " U(-0a) = = et

L glone-1)/2,- B2
t—0
we check that both terms in (L) become infinite for p = 1+ 2/n, due to a loga-

rithmic divergence.

)
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